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Abstract 
The methodology of the Design of Experiments was successfully tested for the modeling and the optimization of the 
hydrogen production by the photosynthetic bacterium Rhodobacter capsulatus. A D-optimal model based on the 
response surface methodology was established for six parameters. Five continuous parameters, implicated either as 
light, carbon, nitrogen sources or compounds of nitrogenase and one discrete parameter, the nature of buffer. The 
range of light intensity, concentrations of lactate, glutamate, iron, and molybdenum solutions varied between 8,000-
30,000 lx, 20-120 mM, 7-50 mM, 40-200 μM, and 1.5-50 μM, respectively. 
The buffers were either the classical phosphate buffer (KHPO4/KH2PO4) or the borax buffer (Kolthof’ buffer, 
KHPO4/Borax). The response concerning the volume of total hydrogen was modeled after transformation in its 
square root according to a polynomial model including simple, quadratic, and interaction effects. Two main 
parameters, in the model area, concerned the light intensity and the lactate concentration. The response was analyzed 
and discussed in terms of their variations in the 3D studied domains. 
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(Hydrogen, considered as the energy of future, is interesting due to the lack of pollution during its 
combustion or its use in fuel cells. Among the numerous ways of producing hydrogen, the use of 
biological processes is of interest because they function at low temperature and have a low energy 
requirement compared to chemical or physical processes. 
The photosynthetic non sulfur bacteria, such as Rhodobacter capsulatus, Rhodobacter sphaeroïdes and 
Rhodopseudomonas palustris, have been intensively studied due to their biological capacities to produce 
hydrogen from numerous carbon compounds [1]. The majority of studies designed to optimize biological 
hydrogen production have been carried out according to the classical “one-factor-at-a-time” (OFAT) 
methodology, wherein one factor is varied while the others were kept at a specific value. The principal 
disadvantages of this method are that it is time-consuming and costly and many experiments are needed 
to determine the interactions between factors. Design of Experiments (DOE) represents an interesting and 
more efficient approach. Based on a statistical method (DOE) and, more precisely on Response Surface 
Methodology (RSM), this approach economizes time, experiments and equipment, and leads to the 
obtaining of a mathematical model for the studied response. From this model, evaluation of interactive 
factors and determination of optimal experimental conditions can be carried out to improve, in our case, 
the hydrogen production. 
 
DOE methodology has been successfully applied in numerous industrial processes and, in the last ten 
years, to H2 production by algae [2], fermentative bacteria [3] and non-sulfur photosynthetic bacteria. In 
the case of the latter, DOE was employed for studying the effects of the concentrations of butyric acid, 
glutamic acid and FeCl3 on H2 production by Rhodopseudomonas palustris [4] optimized H2 production 
from palm oil mill effluent by R. palustris PBUM001 as a function of five parameters: inoculum size, 
substrate concentration, light intensity, agitation and pH [5] . The conversion of fatty acids to H2 by 
Rhodobacter capsulatus has also been studied according to different parameters: substrate composition in 
mixtures of acetate, butyrate and propionate [6]; pH and glutamate concentration [7]; and light intensity 
and cell concentration [8]. 
 
Many factors have been studied for their effect on photohydrogen production, including light intensity 
[5-13], cell concentration [5], Mo and Fe concentrations [4, 14, 15], pH [5, 7], and temperature [16] . H2 
production by R. capsulatus results from the anaerobic enzymatic action of nitrogenase in the light and 
under nitrogen-limited conditions [17]. The presence of Fe and Mo are obligatory for the biochemical 
activity of R. capsulatus and for the production of H2. The control of nitrogen fixation by Mo has been 
reviewed by Masepohl and Hallenbeck [18] . 
 
We recently reported the modeling in batch culture of hydrogen production by R. capsulatus in terms 
of substrate (lactate) concentration and light intensity [12]. In the present study, the effects of five 
continuous and one discontinuous factor on H2 production from lactate were investigated according to the 
DOE methodology. The five continuous factors were lactate concentration, glutamate concentration, Mo 
concentration, Fe concentration, and light intensity. The discontinuous factor studied was the chemical 
composition of the buffer used in the bacterial growth medium. The standard phosphate (KPi) buffer was 
compared with a phosphate/borax buffer (Kolthof buffer).  
 
Total hydrogen production was optimized in both buffer systems, and the optimal response was found 
to be significantly higher in the borax buffer than in the standard KPi buffer. 
2. Materials and Methods 
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2.1 Bacterial strain and growth medium 
The wild-type strain Rhodobacter capsulatus B10, used in this study, was grown anaerobically in a 
synthetic medium (RCV) in the light at 30°C (Weaver et al., 1975). This medium contained 20 mM Na-
lactate as carbon source, 7 mM Na-glutamate as nitrogen source, 10 mM K-phosphate buffer 
(K2HPO4/KH2PO4, pH6.8), and mineral salts, including 1.5 μM NaMoO4 and 42 μM FeSO4. A high-
pressure sodium lamp (OSRAM, 250W) provided illumination. In the designed experiments, the standard 
phosphate (KPi) buffer was replaced with Kolthof' buffer (Borax, pH 6.8) obtained by mixing 2 vol 0.1 M 
KH2PO4 and 1 vol 50 mM Borax [19]. In both buffer systems, the final concentrations of phosphate and 
potassium in the RCV medium were 10 mM and 15 mM, respectively. 
2.2 Batch culture experiments 
Batch cultures were carried out in 0.125 L flat glass bottles (illuminated area 34 cm2) hermetically 
sealed with rubber stoppers. The biologically produced hydrogen was evacuated via a needle inserted in 
the stopper, towards a measurement system of hydrogen consisting of an inverted, graduated test-tube. 
The liquid displacement was directly correlated with the volume of hydrogen produced. The experiments 
were carried out in a lab-made thermo-regulated incubator illuminated with an internal sodium lamp. The 
culture vessels were pre-warmed to 30°C and inoculated aseptically with 1% volume of a freshly grown 
pre-culture of R. capsulatus B10 prior to incubation in the light box. 
2.3 Analytical methods 
An enzymatic colorimetric method based on the activity of L-lactate oxidase (Sobioda, France) was 
used to determinate the lactate concentrations. A miniature CO2 sensor (2112BC20-KIT, Euro-Gas 
Management Services Ltd, UK) equipped with a lab-made measurement cell, allowed to determinate the 
CO2 concentration in the gaseous phase. A digital luxmeter (Meter, RO 1332) measured light intensity. 
2.4 Experimental design 
A D-optimal design of experiments containing 37 batch experiments were conducted in order to 
investigate the effects on hydrogen production of the lactate, glutamate, Mo and Fe concentrations and the 
buffer composition (Table 1). The concentration ranges of Na-lactate, Na-glutamate, Na2MoO4, and 
FeSO4.7H20 were 20-120 mM, 7-50 mM, 1.5-50 μM and 40-200 μM, respectively. The light intensity 
was varied between 8,000 and 30,000 lx and the buffer used was either the standard KPi buffer or borax 
buffer. Hydrogen production capacity was expressed in terms of total amount of hydrogen produced, in 
ml. 
 
Table 1. Experimental design (expressed in experimental values) and total H2 production response 
Run X1 X2 X3 X4 X5 X6 Y1 
1 32.5 30000 48.48 47.5 9.01 Borax 348 
2 88.82 30000 1.5 200 50 Borax 335 
3 20 8000 50 40 50 Kpi 0.00 
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4 20 30000 50 200 7 Kpi 101 
5 120 8000 1.5 200 50 Kpi 204 
6 72.27 8000 50 121.74 26.54 Borax 30 
7 20 30000 1.5 40 7 Kpi 169 
8 20 8000 1.5 200 7 Kpi 140 
9 20 30000 1.5 200 50 Kpi 152 
10 120 8343.75 49.23 40 7 Kpi 150 
11 54.62 8000 23.87 40 30.17 Borax 2 
12 120 30000 50 200 7 Borax 800 
13 120 30000 50 40 7 Kpi 350 
14 20 8000 50 200 50 Borax 24 
15 120 30000 50 200 50 Kpi 280 
16 120 19839.09 1.5 200 30.81 Borax 660 
17 20 8000 1.5 200 7 Kpi 136 
18 118.44 8000 50 200 50 Kpi 95 
19 120 8000 1.5 40 7 Kpi 160 
20 107.5 27250 50 40 50 Kpi 84 
21 20 30000 50 40 50 Borax 172 
22 120 8000 50 40 50 Borax 52 
23 120 19839.09 1.5 200 30.81 Borax 890 
24 120 30000 1.5 200 7 Kpi 475 
25 20 9054.68 50 40 7 Borax 198 
26 120 30000 1.5 40 50 Kpi 96 
27 72.27 8000 50 121.74 26.54 Borax 40 
28 32.5 30000 43.94 200 44.62 Borax 110 
29 20 18918.63 26.53 119.56 7 Kpi 135 
30 120 30000 1.5 40 7 Borax 780 
31 20 18918.63 26.53 119.56 7 Kpi 150 
32 120 8000 1.5 200 7 Borax 255 
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33 20 8000 1.5 85.43 50 Borax 4 
34 88.82 30000 1.5 200 50 Borax 350 
35 20 30000 1.5 200 7 Borax 257 
36 67.55 18491.8 1.5 40 50 Kpi 29 
37 120 8000 50 200 7 Kpi 149 
 
The statistical software package Design Expert 8.0 (Stat Ease, Minneapolis, USA) was used for 
regression analysis of the experimental results and to estimate the coefficient of the regression equation. 
The polynomial quadratic response function was expressed as : 
 
eXXXXX
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where Y is the predicted response, E0, a constant coefficient, is the response of Y when both main effects 
(Xi, Xj) are 0, Ei are the linear coefficients, EiEi are the quadratic coefficient, EiEj are the interaction 
coefficients, and e is the error of the model. 
 
A, B, C, D, E, and F are the concentrations of lactate, the light intensity, the concentrations of 
glutamate, molybdenum, ferrous salt, and the nature of buffer, respectively.  
3. Results and discussion 
The experimental results for hydrogen production (response Y) are given in Table 1. The total H2 
production response and the percentage of carbon source oxidized varied between 0-890 ml, and 69-100% 
according to experimental conditions. The CO2 concentration in the gaseous phase varied between 0.03% 
and 3.7%, depending the experimental conditions (data not shown) and the final pH was in the range 6.9-
9.1 for cultures with KPi buffer and 6.9-8.4 for cultures with borax buffer. 
3.1 Total H2 production 
The parameters which have the greatest influence on the response need to be identified in order to 
model and optimize the total hydrogen production. The relationship between the six parameters and the 
total H2 production response fitted well with a quadratic model and with a transformed response. Model 
refining was realized to eliminate all insignificant model terms, with the exception of those required to 
support hierarchy. The quadratic regression models in terms of experimental factors for global H2 
production and for both buffer (factor F) obtained from experimental design are presented as: 
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Kpi buffer: 
Sqrt(H2 production) = +4.62616 -0.25382 * lactate concentration +1.88200E-003 * light  -0.36619 * 
Mo concentration -4.78987E-003 * Fe concentration -0.25517 * Glutamate concentration +1.91868E-006 
* lactate concentration * light +1.86610E-004 * lactate concentration * Fe concentration -4.43237E-004 * 
Mo concentration * Fe concentration +1.02714E-003 * Fe concentration * Glutamate concentration 
+1.78777E-003 * lactate concentration2 -4.76178E-008 * light2 +7.23526E-003 * Mo concentration 
 
Borax buffer: 
     Sqrt(H2 production)  = +2.46946 -0.22279 * lactate concentration +2.15723E-003 * light -0.30731 * 
Mo concentration -0.025898 * Fe concentration -0.25517 * Glutamate concentration +1.91868E-006 * 
lactate concentration * light +1.86610E-004 * lactate concentration * Fe concentration -4.43237E-004 * 
Mo concentration * Fe concentration +1.02714E-003 * Fe concentration * Glutamate concentration 
+1.78777E-003 * lactate concentration2 -4.76178E-008 * light2 +7.23526E-003 * Mo concentration2 
3.2 Statistical analysis and model adequacy checking 
The significance of the model was estimated by the Analysis of Variance (ANOVA). The ANOVA 
was significant (P < 0.0001) with a model F-value of 98.54. The Standard deviation (SD) was 1.34, which 
is satisfactory with respect to the suggested polynomial model. The goodness of the fit of the model was 
also checked by the multiple correlation coefficient R2. The determined R2 was 0.9761 at 95% confidence 
level. The remainder (2.39%)% was explained as residues. The closer R2 is to 1, the stronger the model. 
The adjusted R2 was equal to 0.9896, which is superior to the limit acceptance (0.85). 
 
The variation of the data round the fitted model, described by the Lack of Fit (LOF) F-test, implying 
significant model correlation between the variables and process responses. The signal to noise ratio, 
measuring by “Adeq Precision", was 39.89, indicating an adequate signal. 
 
The adequacy of the model was checked by the analyze of the distributions of residual plots according 
to the normal probability plots of residuals for total H2 production, the residuals vs run, the residuals vs 
predicted values, and the predicted values vs actual values and. All the diagnostic tests were good. Thus, 
the model for both buffers can be used to navigate in the design space. 
3.3 Interactions 
The interaction plots of total H2 production as a function of the two main influent parameters, light and 
lactate concentration, are shown in Figure 1. Interaction between two factors appears with two non-
parallel lines: the effect of one factor depends on the level of the other. The perpendicular bars at the 
extremity of line represents the results of least significant difference calculations (95% confidence). If 
two bars overlap, there is no significant difference between the two points. 
 
For the interaction between lactate concentration and light intensity, the response lines were not 
parallel and showed great variations at high lactate concentrations (Figs. 1a and 1b).  
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Fig. 1. Interaction plots of individual parameters (concentrations of lactate, light intensity) implied in the quadratic model for the 
total H2 production. (a): Phosphate buffer; (b): Borax buffer. ▲: low value, ■: high value. Lower and higher values are indicated in 
Table 1. The other parameters were fixed at their central value. 
The effect of lactate concentration on H2 production depended on the level of light. This effect was 
more pronounced at high light intensity (30,000 lx) that at low intensity (8,000 lx). This variation was 
observed in both KPi buffer (Fig 1a) and Borax buffer (Fig 1b). The effect of light intensity was more 
significant at high lactate concentration (Fig. 1b). This correlation was previously observed with a 
hydrogen-overproducing mutant of R. capsulatus [12], with hydrogen production reaching a plateau 
between 30,000 and 50,000 lx. The influency of both factors (light intensity and lactate concentration) 
was not previously studied; previous results being issued from OFAT experiments [9, 10, 11, 13]. 
3.4 Analysis of 3-D response  
The three-dimensional response surfaces for H2 production with respect to the Kpi or Borax factor are 
represented in Fig. 2(a, b).  
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Fig. 2. 2D-3D response surface showing the effects of Na-lactate and light intensity on the total H2 production in (a) Phosphate 
medium (23,600 lx, 1.6 μM Mo, 196 μM Fe, glutamate 7 mM), and (b) Borax medium (24,100 lx, 50 μM Mo, 112 μM Fe, 
glutamate 7 mM). 
The 3D-response as a function of lactate concentration and light intensity for Kpi buffer appeared as a 
saddle-shaped surface (Fig. 2a). The optimal H2 production (654 ml) was obtained when the initial lactate 
concentration was 120 mM and the light intensity was 23,600 lx. At low intensity (8,000 lx), H2 
production varied according to a curve as a function of lactate concentration: 128 ml (20 mM lactate), 81 
ml (57 mM), and 264 ml (120 mM). At high intensity (30,000 lx), this curvature was more marked: 190 
ml (20 mM lactate), 169 ml (46 mM lactate), and 524 ml (120 mM lactate). This H2 production showed a 
strong degree of curvature at 120 mM lactate and in the light intensity range of 8,000-23,600 lx. At higher 
light intensities, total H2 production decreased rapidly. 
 
The 3-D response surfaces for Borax buffer presented the same saddle shapes as previously described 
(Fig. 2a). The curvature amplitude of H2 production graphs varied in function of light intensity (Fig. 2b). 
At 20 mM lactate, H2 production increased by 246 % compared to 48.4 % for KPi buffer when light 
intensity increased from 8,000 to 30,000lx. The same tendency was obtained at a high concentration of 
lactate (120 mM): increase of 220 % compared to 98 % for KPi buffer. 
3.6 Optimization – Experimental confirmation 
On the basis of the optimization evaluated from the model of Eq. (1), the largest predicted H2 
production for medium containing KPi buffer was 654 ml when the experimental conditions were as 
follows: lactate concentration 120 mM, glutamate 7 mM, Mo 1.6 μM, Fe 196 μM, and a light intensity of 
23,600 lx. For medium containing Borax buffer, the optimal experimental conditions for total H2 
production (892 ml) were: lactate concentration 120 mM, glutamate 7 mM, Mo 50 μM, Fe 112 μM, and a 
light intensity of 24,100 lx. Under these experimental conditions, the H2 production values were closed to 
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the theoretical values at 95%. So, the obtained model can be used to predict the hydrogen production in 
the experimental field studied by the DOE. 
4. Conclusions 
Modification of the physico-chemical parameters of bacterial growth led to a significant improvement 
in total hydrogen production from lactate by Rhodobacter capsulatus B10. The effect of six factors, 
including 5 continuous parameters (concentrations of lactate, glutamate, molybdenum, iron, and light 
intensity) and one discontinuous factor (nature of buffer, phosphate or borax buffer) was investigated in 
batch tests according to the design of experiments (DOE) methodology. The optimization of total 
hydrogen production was conducted by response surface methodology. The main influent parameters 
were the concentrations of lactate and molybdenum salts, the light intensity, and the nature of buffer used 
in the hydrogen-producing medium. The use of Borax (Kolthof') buffer therefore allows a 36% increase 
in total H2 production under optimized conditions and represents an alternative to the standard KPi buffer 
under process conditions. The physiological reasons underlying the effects of buffer composition on H2 
production and the interactions between the different influent parameters are under investigation. 
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